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Abstract: We generate mode-locked picosecond pulses near 1110 nm 
by spectrally slicing and reamplifying an octave-spanning supercontinuum 
source pumped at 1550 nm. The 1110 nm pulses are near transform-limited, 
with 1 .7 ps duration over their 1.2 nm bandwidth, and exhibit high interpulse 
coherence. Both the supercontinuum source and the pulse synthesis system 
are implemented completely in fiber. The versatile source construction 
suggests that pulse synthesis from sliced supercontinuum may be a useful 
technique across the 1000 - 2000 nm wavelength range. 

<£> 2Q] 1 Optiral Society Of Amp.rira 

References and links 

1. J. Hall, "Optical Frequency Measurement: 40 Years of Technology Revolutions", IEEE J. Sel. Top. Quant. Elec. 
6, 1136 (2000). 

2. T. Udem, R. Holzwarth, and T. W. Hansen, "Optical Frequency Metrology", Nature 416, 233 (2002). 

3. L.-S. Ma, Z. Bi, A. Battels, L. Robertsson, M. Zucco, R. S. Windeler, G. Wilpers, C. Oates, L. Hollberg, and 
S. A. Diddams, "Optical Frequency Synthesis and Comparison with Uncertainty at the 10~ 19 Level", Science 
303, 1843 (2004). 

4. D. J. Jones, S. A. Diddams, M. S. Taubman, S. T. Cundiff, L.-S. Ma, and J. L. Hall, "Frequency comb generation 
using femtosecond pulses and cross-phase modulation in optical fiber at arbitrary center frequencies", Opt. Lett. 
25, 308 (2000). 

5. T. R. Schibli, K. Minoshima, F.-L. Hong, H. Inaba, Y. Bitou, A. Onae, and H. Matsumoto, "Phase-locked widely 
tunable optical single-frequency generator based on a femtosecond comb", Opt. Lett. 30, 2323 (2005). 

6. M. Vainio, M. Merimaa, and K. Nyholm, "Optical amplifier for femtosecond frequency comb measurements near 
633 nm", Appl. Phys. B 81, 1053 (2005). 

7. F. C. Cruz, M. C. Stowe, and J. Ye, "Tapered semiconductor amplifiers for optical frequency combs in the near 
infrared", Opt. Lett. 31, 1337 (2006). 

8. H. S. Moon, E. B. Kim, S. E. Park, and C. Y. Park, "Selection and amplification of modes of an optical frequency 
comb using a femtosecond laser injection-locking technique", Appl. Phys. Lett. 89, 181 1 10 (2006). 

9. T. Morioka, K. Mori, and M. Saruwatari, "More Than 100-Wavelength-Channel Picosecond Optical Pulse Gen- 
eration From Single Laser Source Using Supercontinuum In Optical Fibres", Electron. Lett. 29, 862 (1993). 

10. S. V. Smirnov, J. D. Ania-Castanon, T. J. Ellingham, S. M. Kobtsev, S. Kukarina, and S. K. Turitsyn, "Optical 
spectral broadening and supercontinuum generation in telecom applications", Opt. Fiber Technol. 12, 122 (2006). 

11. 0. Boyraz, J. Kim, M. N. Islam, and B. Jalali, "10 Gb/s Multiple Wavelength, Coherent Short Pulse Source Based 
on Spectral Carving of Supercontinuum Generated in Fibers", J. Lightwave Tech. 18, 2167 (2000). 

12. J. H. V. Price, K. Furusawa, T. M. Monro, L. Lefort, and D. J. Richardson, "Tunable, femtosecond pulse source 
operating in the range 1.06 - 1.33 (im based on an Yb 3+ -doped holey fiber amplifier", J. Opt. Soc. Am. B 19, 
1286 (2002). 



13. J. Porta, A. B. Grudinin, Z. J. Chen, J. D. Minelly, and N. J. Traynor, "Environmentally stable picosecond ytter- 
bium fiber laser with a broad tuning range", Opt. Lett. 23, 615 (1998). 

14. L. A. Gomes, L. Orsila, T. Jouhti, and O. G. Okhotnikov, "Picosecond SESAM-Based Ytterbium Mode-Locked 
Fiber Lasers", IEEE J. Sel. Top. Quant. Elec. 10, 129 (2004). 

15. P. S. Westbrook, J. W. Nicholson, K. S. Feder, Y. Li, and T. Brown, "Supercontinuum generation in a fiber 
grating", Appl. Phys. Lett. 85, 4600 (2004). 

16. J. Dudley, G. Genty, and S. Coen, "Supercontinuum generation in photonic crystal fiber", Rev. Mod. Phys. 78, 
1135 (2006). 

17. Corning SMF28e optical fiber product information, available at http://www.corning.com 

18. M. R. Mokhtar, C. S. Goh, S. A. Butler, S. Y. Set, K. Kikuchi, D. J. Richardson, and M. Ibsen, "Fibre Bragg 
grating compression-tuned over 110 nm", Electron. Lett. 39, 509 (2003). 



1. Introduction 

The advent of optical frequency counting techniques using octave-spanning supercontinuum 
(SC) generation fl] 13 suggests that similar technology can prove useful in the synthesis 
of optical radiation. Much useful work has been done to show the possibilities of optical 
frequency synthesis by phase-locking a stable single-frequency laser to an optical frequency 
counter. Such techniques can achieve ultimate frequency resolution of a part in 10 19 III with 
broad and fast tunability over wide frequency ranges J4][5|. More direct approaches obtain 
highly coherent light by amplifying a single comb line [6j or a band of comb lines Q, or by 
injection-locking an external laser oscillator with a single comb line O. 

On the time-domain side, spectral slicing of relatively narrowband (< 200 nm) supercontinua 
has been used to generate picosecond pulse trains in hundreds of wavelength channels at once 
ll9l [T0l and these pulses are known to have coherence times greater than the pulse duration ifTTI . 
Raman self-frequency shifting also allows the generation of ps pulses at various wavelengths, 
and again the coherence time is known to be greater than the pulse duration lfl2l . However, the 
optical frequency synthesis applications enabled by octave-spanning SC require pulse-to-pulse 
phase coherence over times much longer than the repetition period of the pulse train to ensure 
that the mode-locked pulse train gives rise to a stable optical frequency comb. Our work is 
the first to investigate the temporal coherence of sliced octave-spanning supercontinuum over 
timescales greater than the pulse duration. 

Here we describe the generation of mode-locked picosecond pulses from an octave-spanning 
supercontinuum (SC) source pumped at 1550 nm. The 1110 nm wavelength is of particular 
interest for our experiments on quantum computing with trapped Yb + ions, but the architecture 
demonstrated here can be adapted to a wide variety of wavelengths in the 1000-2000 nm 
range of our SC source. The characteristics of our 1110 nm source are similar to those of a 
picosecond mode-locked Yb fiber laser in all respects but wavelength (see, e.g., refs. |[T3l[T4ll ). 
The picosecond output pulses are chirped but can be compressed nearly to the transform limit, 
while the pulse energy of ~ 100 pJ and the 40 MHz repetition rate are similar to those of a 
typical mode-locked fiber laser. To our knowledge, no such laser has been reported at 1110 nm, 
showing that our architecture can expand the wavelength range of mode-locked fiber sources. 
Our results indicate that the 1110 nm light inherits the coherence properties of the SC source. 
In the future, absolute frequency stabilization of our SC source will enable us to coherently 
synthesize picosecond pulses at desired wavelengths, representing a major step toward an 
arbitrary optical field synthesizer. 



2. Octave-spanning supercontinuum 



We generate supercontinuum (SC) in a highly nonlinear fiber Bragg grating pumped by 
femtosecond pulses at 1550 nm (Fig.QJa)). The 1550 nm signal originates in a mode-locked 
fiber laser (Precision Photonics) with 40 MHz repetition rate and is amplified to ~ 120 mW 
in an Er-doped fiber amplifier (IPG Photonics). The lengths of single-mode fiber (SMF) at 
the input and output of the power amplifier are optimized to give a minimum pulse duration 
of 90 fs at the amplifier output. Another 20 cm length of dispersion-shifted fiber (NZ-DSF) 
compresses the amplified pulse further, to 55 fs, though the soliton compression leaves behind a 
pedestal of several ps duration containing about 50% of the pulse energy. The amplified pulses 
are injected into a highly nonlinear fiber Bragg grating (HNLF-FBG) with bandgap near 1 108 
nm. A Bragg grating was written into the HNLF using a 248 nm excimer beam and a phase 
mask. The 6 mm UV beam was scanned uniformly for 27 mm. The resulting grating had a core 
mode reflection bandwidth extending from 1 104.4nm to 1 108.4nm. The HNLF extends another 
30 cm past the FBG region. Fig. [2] shows the SC spectrum in the 900 - 1700 nm wavelength 
range, as measured with an optical spectrum analyzer (OSA). While the OSA range is limited 
to wavelengths below 1700 nm, further measurements with an IR monochromator indicate that 
the SC plateau extends to > 2000 nm. Splice losses and linear loss in the FBG reduce the SC 
average power to 40 mW at the HNLF output. The SC power spectral density is enhanced near 
1110 nm, slightly to the red of the FBG bandgap f 15] . The SC source maintains high spectral 
brightness (> 10/iW/nm) over nearly the entire 1000 - 2000 wavelength range. This spectral 
brightness is sufficient for generation of mode-locked picosecond pulses at mW power lev- 
els over substantial portions of the SC spectrum, as exemplified in the present work at 1 1 10 nm. 




Fig. 1. Schematic of the mode-locked 1110 nm source. Supercontinuum generation (a) 
provides a spectrally sliced seed for reamplification (b). 
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Fig. 2. Spectrum of supercontinuum generated by the 1550 nm pump showing coverage of 
the 1000-1700 nm wavelength range. 



3. Spectral slicing and reampliflcation 

The SC source is initially spectrally sliced by custom fused-fiber couplers to isolate the 1000 
- 1300 nm band. This part of the SC serves as the input to a home-built ytterbium-doped fiber 
amplifier (YDFA) system (Fig. 02b)) that preferentially amplifies input light near 1110 nm. 
While the gain peak of short lengths of ytterbium-doped fiber is near 1030 nm, excited-state 
absorption at this wavelength is also relatively high, so that longer lengths of more highly 
doped fiber exhibit gain peaks at relatively longer wavelengths. Our YDFA stages use 10-20 
meter lengths of fiber with absorption coefficient of 1200 dB/m at 980 nm and exhibit gain 
peaks in the 1080 - 1110 nm range. Each stage is backward-pumped with up to 400 mW of 
976 nm diode laser light. The first YDFA stage amplifies a relatively broad SC band from 
1060-1120 nm. An optical isolator separates the first two YDFA stages, minimizing parasitic 
lasing. Custom fused-fiber couplers filter out wavelengths below 1085 nm at the input to the 
second YDFA stage. A fiber circulator passes the second-stage output through to the third 
YDFA stage. After a first pass through this stage, the amplified SC encounters a chirped fiber 
Bragg grating (CFBG). This CFBG (L ~4 mm, AA c hirp ~ 11 nm, R ~ 7.4 dB) was fabricated 
using a computer controlled, scanning free space Sagnac interferometer configuration where 
the 244nm output of a frequency doubled Ar+ laser is split mostly into the two first order 
diffraction orders through a chirped phase mask (pitch 10678. 5nm) designed for 1554nm 
(chirp ~ 3nm/cm). By tilting the interferometer mirrors, the translated chirped interferogram 
has a reduced pitch which is imaged onto the custom made germanosilicate optical fibre (cutoff 
wavelength < 700 nm) by the Sagnac interferometer. The final Bragg wavelength is centered at 
~ 1 108.5 nm after annealing. The CFBG reflection bandwidth is approximately 1 nm (FWHM) 
around 1108.5 nm, which serves to filter out the parasitically amplified wavelengths below 
1 105 nm. The light reflected from the CFBG passes again through the third YDFA stage, being 
further amplified on the way, and emerges at the output port of the circulator. This narrowband 
double-passing of the final YDFA stage amplifies the 1110 nm signal by an additional 4 dB, 
while reducing the amplified SC background by 6 dB, leading to an overall improvement of 10 
dB in spectral selectivity around 1110 nm. 

Figure [3] shows the optical power spectra at the YDFA system's input and output. While 
the input spectrum extends far outside the displayed limits, the wavelength range amplified 
by the YDFA is set by the 1 nm bandwidth of the CFBG. From the measured ~ 200 /lW 



power contained in the 5 nm wide SC enhancement peak, we see that the in-band power input 
to the YDFA is only 40 flW. Total output powers of up to 5.5 mW are achieved, with a net 
amplificati 
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Fig. 3. SC input (dotted line) and YDFA output (solid line) power spectral density near 
1110 nm. The input spectrum is multiplied by a factor of approximately 30 for ease of 
comparison. 



4. Pulse properties and coherence 

The 1110 nm pulses are initially highly chirped but can be compressed to nearly the transform 
limit. Measured at the output of the YDFA, the pulses have full-width at half-maximum 
(FWHM) duration of ~ 6 ps. (We assume sech 2 pulse shape throughout.) We use a free-space 
grating compressor to compensate the normal group-velocity dispersion (GVD) accumulated 
in the YDFA. Figure [4] shows an autocorrelation trace for optimal pulse compression. The 
corresponding pulse duration is 1.7 ±0.1 ps FWHM. We must be cautious in estimating the 
time-bandwidth product because of the asymmetric source spectrum (Fig. [3); the spectral 
FWHM is only 0.7 nm, yielding a time-bandwidth product smaller than the transform limit. 
Numerically predicting the transform-limited pulse duration for the measured output spectrum, 
we find that the 1110 nm pulses are within a factor of 1.6 of the transform limit. No pulse 
pedestal is visible within the 50 ps scan range of the autocorrelator, showing that the pulses are 
of high temporal quality. 

The 1110 nm pulses are "mode-locked" only if the temporal coherence of the electric field 
is maintained from one pulse to the next. Here we rely on the SC generation process to transfer 
the coherence of the 1550 nm pump pulses to the derived 1110 nm pulses. Unless the pump 
pulse duration is short (< 100 fs) and the soliton number in the HNLF is low (< 15), the 
coherence of the SC process can easily be lost through fundamental mechanisms such as 
photon shot noise and spontaneous emission [ .16]. Our pump source has a 55 fs pulse duration 
and an estimated soliton number of ~ 9, so high SC coherence is expected. 

We measure the temporal coherence between successive 1110 nm pulses with an unbalanced 
Mach-Zehnder interferometer implemented in fiber. A piezoelectric stretcher in one arm of 
the interferometer sweeps the path length difference AL, and we observe interference fringes 
by photodetection when AL is close to the distance L rep = c/v rep between successive pulses. 
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Fig. 4. Autocorrelation trace of the compressed 1110 nm pulses. Points: data; line: sech 2 
fit. The autocorrelation signal is offset from zero for ease of viewing. 



The fringe visibility is limited by the differential dispersion of the interferometer arms. We use 
500 cm of Corning SMF28e fiber, with dispersion of — 22ps/(nmkm) |fT7l , to implement the 
distance Z^ e p- Numerically simulating the dispersive effect of the fiber on the measured YDFA 
spectrum, we obtain a maximum fringe visibility of approximately 55%, so the measured 
visibility of 49 ± 1% indicates a high degree of interpulse coherence. 

The RF spectrum produced by photodetection of a mode-locked laser source contains a 
strong, narrow line at the laser repetition rate v rep , indicating low timing jitter between the 
envelopes of successive pulses. Figure [5] shows the RF spectrum of the 1110 nm source as 
measured by a fast photodiode. The RF spectrum is indistinguishable from that of the original 
1550 nm oscillator at our minimum resolution bandwidth of 1 kHz. 



5. Outlook 

We have generated mode-locked picosecond pulses at 1110 nm by spectral slicing and 
reamplification of an octave-spanning supercontinuum source. The resulting light source is 
similar to that of a standard mode-locked fiber oscillator, except that such oscillators have 
not, to our knowledge, been demonstrated at this wavelength. Much of the complexity of our 
amplifier design arises from the low gain at our target wavelength of 1110 nm, exacerbated 
by the relatively low quality of fiber components at this unusual wavelength. Hence our 
experiment demonstrates the feasibility of all-fiber mode-locked ps pulse generation right 
across the ytterbium-doped fiber gain bandwidth of 1010 - 1150 nm. Pressure tuning of a 
suitable wavelength-selecting CFBG would enable dynamic tuning of the ps pulse wavelength 
over > 100 nm |18|. Amplification of a spectrally broader SC seed should permit generation of 
femtosecond pulses, as long as the nonlinear and dispersive pulse propagation in the amplifier 
is properly taken into account. 
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Fig. 5. RF spectrum of the 1110 nm source. Resolution bandwidth: 1 kHz. 



More broadly, fiber and semiconductor amplifiers can be used in place of our YDFA over 
most of the 1000 - 2000 nm wavelength range. Taking the 1110 nm source bandwidth of ~ 1 .5 
nm as typical, we see that several hundred wavelength channels of mode-locked ps pulses 
can be simultaneously derived from a single SC source, as shown in other work at lower SC 
bandwidth. As we have shown, each channel can be made to inherit its phase behavior from 
the SC source, passively phase-locking all channels together. Stabilizing the SC source in 
absolute frequency, combined with independent modulation of each channel, would allow 
phase-coherent synthesis of high-resolution optical field waveforms. 
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